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Abstract
The most commonly used experimental techniques to monitor the aggregation kinetics and to
characterize structures of aggregates are scattering of light, X-rays and neutrons. We investigated in
this study the coagulation dynamics for the humic acid-kaolin-polyaluminium chloride (PACl)
aggregates using small-angle light scattering techniques. The mean aggregates sizes without addition
of humic acids were onlymildly affected by the kaolin concentration.With the addition of humic acids,
the floc sizes are slightly reduced. At 600 rpm, the average aggregates size was larger with lower
fractal dimension, i.e., the aggregates were large and loose; at 800 rpm, the average size was smaller
with higher fractal dimension, i.e., under high shear rates, the aggregates were small and compact.
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1. Introduction
In drinking water plants, coagulants, such as poly-
aluminium chloride (PACl), are dosed in the rawwater to
bring small particles into settleable flocs. Organic sub-
stances commonly exist in the natural aquatic environ-
ment. Removal of organic substances like humics had at-
tracted both research and practical interests. Gibbs [1]
noted that the coagulation rate among small particles is
decreased by the presence of natural organic substances.
The humic substances, through the better coagula-
tion efficiency with PACl than mineral particles, were
proposed to yield a loose and weak floc in the humic-
mineral suspension [2,3]. Moreover, the refluxed sludge
flocs could readily adsorb humics [46]. These results
indicate the significant role of humics-particle-PACl ag-
gregates on the coagulation processes.
Sludge flocs are highly porous fractal-like aggregates
composed of many primary particles [7,8]. An important
parameter that characterizes a fractal object is the fractal
dimension, D (–), which corresponds to the space-filling
capacity of an object. The massM of a fractal object with
fractal dimensionD can be considered to be proportional
to its diameter df.
M df
D
 (1)
where 1  D  3. The aggregates generated in water and
wastewater treatment processes exhibit fractal dimen-
sions ranging from 1.4 to 2.8 [7].
Light scattering experiments are an important tool
for determining the fractal dimension of small aggregates.
Bushell et al. [9], Kyriakidis et al. [10], Jung et al. [11],
and Guan et al. [12] used small-angle light scattering to
study the structure of flocs. The light scattering tech-
nique involves measurement of light intensity I as a func-
tion of the wave vector, Q. This vector is defined as the
difference between the incident and scattered wave vec-
tors of the radiation beam in the medium. The magnitude
of the wave vector can be approximated as follows:
(2)
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where n, , and  are the refractive index of the medium
(–), the scattered angle (–), and the wavelength of radia-
tion in vacuum (m), respectively. In scattering theory,
the scattering intensity I(Q)  F(Q)S(Q), where F(Q)
and S(Q) are the form factor and the structure factor, re-
spectively. The form factor is related to the shape of the
particle while the structure factor accounts for the inter-
particle correlations describing the spatial arrangement
of the particles. In the regime QRp >> 1, where Rp is the
primary particle size,
I Q Q( )  4 (3)
which is Porod’s law [13]. In the regime QR << 1 (Gui-
nier regime), the form factor F(Q) is roughly constant.
If the inequality,
1 1/ /R Q Rp  (4)
holds, then one obtains
I Q Q D( )   (5)
Restated, the log-log plot of I versus Q from data col-
lected in scattering tests exhibits a linear character with
a slope of –D.
The humic-mineral-PACl aggregates normally exhi-
bit a poor settleability and high supernatant turbidity
[14]. This negative impact was commonly attributable to
the loose floc structure induced by the strong interaction
between humics and the mineral particles.
2. Experimental
The particle size distribution of the kaolin slurry was
determined using a Micromeritics 5100C Sedigraph and
found to be a relatively monodispersed distribution with
a mean diameter of approximately 2.3 m. The solid
density was determined using a Micromeritics Accupyc
1330 pycnometer and found to be 2,730 kg/m3. The ka-
olin slurry was prepared by mixing 500 ppm kaolin pow-
der and 10-2 mol/L NaClO4 in distilled water. NaClO4
was added to provide a high enough ionic strength to pre-
vent interference of other ions that might be released
from the kaolin particle surfaces. The alkalinity was fix-
ed at 100 mg/L. The pH was adjusted to 7 using HClO4
and NaOH.
Humic acid (N: 10%, P: 5%, K: 6%, humic acid:
79%) was purchased fromMerck (Taiwan). The acid was
first dissolved in a solution at pH 12, after filtering with
the 0.45 m membrane, the pH of filtrate was adjusted
back to 7 for use. A fixed amount of humic solution was
vigorously agitated with the weighed kaolin suspension
for 24 h to reach equilibrium. Afterwards, the humic-ka-
olin suspensions were placed into a stirred tank. In each
tests 50 ppm of PAC was injected into the stirred tank at
600 rpm for 1080 s and subsequently 800 rpm for 180 s,
then 600 rpm for 180 s and 800 rpm for another 180 s,
and the 600800 changed rotation speed pairs were re-
peated for 3 times. When the rotation speed was lower
than 400 rpm, settling effect was noticeable. Whereas the
rotation speed was higher than 1000 rpm, flocs were fra-
gile. Hence the 600800 rpm were the parameters in the
experiment. Each measurement took 6 s. A total of 450
measurements were made for each coagulation test over
02700 s. In dynamics tests the PAC was injected with
the water samples continuously withdrawn by the small
angle laser light scattering sizer (Malvern Mastersizer
2000). This sizer consists of a 2 mW He-Ne laser ( =
632.8 nm) as the light source, and an optic lens and
photo-sensitive detectors. The scattered light was col-
lected at angles between 0.01	 and 32.1	. The Malvern
sizer was also used to measure the aggregate size be-
tween 0.022000 m.
3. Results and Discussion
3.1 Coagulation Kinetics
Weitz et al. [15] observed two regimes of aggrega-
tion, namely fast and slow aggregation with gold col-
loids. The rapid aggregation was found to produce ag-
gregates with a fractal dimension of 1.75 and to reveal
power-law kinetics in the form of df~t
1/D, where t is time.
On the other hand, the slow aggregation was found to re-
sult in clusters with D = 2.05 and exhibit exponential ki-
netics with df~exp(bt), where b is a constant dependent
on the experimental conditions.
Figure 1 depicts the coagulation kinetics in this stu-
dy. The size growth function for all samples exhibit an
exponential form, i.e., the slow aggregation and reaction
limited control of aggregation (RLCA)[9,11,12,16]. (For
simplicity, there were shown only three samples.)
3.2 Coagulation Dynamics
As previously described, dynamic coagulation tests
were conducted by a mixer with different rotation speeds.
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The steps were 600 rpm (01080 s), 800 rpm (1080
1260 s), 600 rpm (12601440 s), 800 rpm (14401620
s), 600 rpm (16201800 s), 800 rpm (18001980 s), 600
rpm (19802160 s), 800 rpm (21602340 s), 600 rpm
(23402520 s), and 800 rpm (25202700 s). Figures 2
and 3 are the time evolution of aggregates sizes with co-
agulant PACl 50 and 200 ppm, respectively. The mean
aggregates sizes without addition of humic acids were
only mildly affected by the the kaolin concentration. For
example, the largest growth size for 0.0625 g/L, 0.125
g/L, and 0.25 g/L kaolin dosed with 50 and 200 ppm
PACl were about 150 m (Figure 2a2c) and 220 m
(Figure 3a3c), respectively.
With the addition of humic acids, the floc sizes are
slightly reduced. For example, the mean sizes of 0.125
g/L kaolin added with 0, 3, 5, and 7 ppm humic acids and
dosed with 50 ppm PACl (Figure 2b) at 500 s were 124,
105, 95, and 72 mm, respectively. At high PACl dose,
the size reduction effect was less obviously (162, 164,
162, and 149 m, Figure 3b). The reason is that the
large amount of added coagulant (200 ppm) could com-
pensate for the consumption with humic acids [14].
Owing to the effects of hydrodynamic shear the ag-
gregates start to break up after the largest growth sizes.
At 1080 s (800 rpm), the aggregates broke more seri-
ously, at 1260 s (600 rpm), the aggregates restructed. The
mean sizes of the “breakage-restruction” were shown in
Figure 4. As the two dash lines illustrated in Figure 4a, it
seems that there are two monotonously decreased cur-
ves, one for 600 rpm, the other for 800 rpm. It is reason-
able to assume that under different hydrodynamic shear,
the structure of the aggregates may be different. The fol-
lowing paragraph will demonstrate this viewpoint.
3.3 Floc Structure
Figures 5 and 6 summarize the time evolution of
mean fractal dimension of the aggregates.
The value of fractal dimension vibrated up and down
for each curve. In other words, each plot shown in Fig-
ures 5 and 6 could be viewed as two monotonously de-
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Figure 1. Size growth exponential function.
Figure 2. Time evolution of aggregate size (PACl 50 ppm).
creased curves, one for 600 rpm, and the other for 800
rpm. For example, the average fractal dimensions for
0.0625 g/L kaolin, 5 ppm humic acid, dosed with 50 ppm
PAC (Figure 5a) were 2.14 and 1.85 at 800 and 600 rpm,
respectively. The corresponding average sizes were 59
and 42 m. Hence the above mentioned aggregates had
two-level structures as Wu et al. reported [17]. The ag-
gregates may have a small and compact core, surrounded
by a large and loose macrofloc, making them a two-level
structure. At 600 rpm, the average aggregates size was
the larger 59 m with lower fractal dimension 1.85, i.e.,
the aggregates were large and loose; at 800 rpm, the av-
erage size was the smaller 42 m with higher fractal di-
mension 2.14, i.e., under high shear rates, the aggregates
were small and compact. Jorand et al. [18] also proposed
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Figure 3. Time evolution of aggregate size (PACl 200 ppm). Figure 4. Time evolution of mean aggregate size (PACl 50
ppm).
that macroflocs of size 125 m were made from 13 m
microflocs and 2.5 m primary particles.
4. Conclusion
With the assistance of the small-angle light scattering
test, we investigated the coagulation dynamics of humic
acid-kaolin-polyaluminiumchloride (PACl) aggregates un-
der defined hydrodynamic environment. Aggregates sizes
evolution and the fractal dimension data were recorded.
Growth of the aggregates making them had a small and
compact core. The core or microfloc was then aggregated
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Figure 5. Time evolution of fractal dimension (PACl 50
ppm).
Figure 6. Time evolution of fractal dimension (PACl 200
ppm).
by other particles making a large and loose macrofloc.
Hence under high shear, the peripheral particles flaked off
easily, leading to small and compact microfloc and turbid
supernatant with high level of organic matter.
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Nomenclature
 wavelength of radiation in vacuum, (nm)
 scattered angle, (rad)
b constant, (-)
df diameter of aggregate, (m)
D fractal dimension, (-)
F(Q) form factor, (-)
I incident light intensity, (m2)
M mass of aggregates, (kg)
n refractive index, (-)
Q wave vector, (-)
R size of aggregates, ()
Rp size of primary particles
S(Q) structure factor, (-)
t time, (s)
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